ZnO p-n homojunction light emitting diodes were fabricated based on p-type Sb-doped ZnO / n-type Ga-doped ZnO thin films. Low resistivity Au/ NiO and Au/ Ti contacts were formed on top of p-type and n-type ZnO layers, respectively. Au/ NiO contacts on p-type ZnO exhibited a low specific resistivity of 7.4ϫ 10 −4 ⍀ cm 2 . The light emitting diodes yielded strong near-band-edge emissions in temperature-dependent and injection current-dependent electroluminescence measurements. © 2008 American Institute of Physics. ͓DOI: 10.1063/1.2908968͔
ZnO recently has been extensively studied due to its wide band gap and large exciton binding energy for ultraviolet ͑UV͒/blue optoelectronic applications such as light emitting diodes ͑LEDs͒ and laser diodes. [1] [2] [3] [4] Although it is extremely difficult to achieve reliable p-type ZnO due to compensation effect from shallow donors induced during material growth, many research groups have reported p-type ZnO and ZnO LEDs using various dopants such as N, [5] [6] [7] P, [8] [9] [10] As, 11, 12 and other specific techniques. Previously, Sbdoped p-type ZnO and p-n homojunction were studied by our group, [13] [14] [15] however, no UV emissions were reported. In this letter, we report homojunction LEDs based on Sb-doped p-type ZnO that show strong near-band-edge ͑NBE͒ emissions at low temperatures and room temperature.
ZnO homojunction was grown on n-type Si ͑100͒ substrate ͑1-20 ⍀ cm͒ using molecular beam epitaxy system. First, a thin MgO buffer layer was deposited at 350°C for 5 min to reduce the lattice mismatch between Si and ZnO, 16 which was followed by the growth of a ZnO buffer layer at the same substrate temperature for 15 min. Then, the two layer structured Sb-doped p-type ZnO / Ga-doped n-type ZnO homojunction was grown on this MgO / ZnO buffer. The 420 nm thick Ga-doped ZnO film was deposited at a substrate temperature of 450°C and Zn and Ga effusion cells temperatures of 380 and 520°C, respectively. This was followed by the growth of the 420 nm thick Sb-doped ZnO layer under oxygen rich condition with a higher substrate temperature of 550°C. During the growth of this layer, Zn and Sb effusion cell temperatures were 380 and 360°C, respectively. In situ thermal activation of the Sb dopant was performed in vacuum at 750°C for 20 min.
Homojunction LEDs were fabricated by standard photolithography techniques. Mesa size of 800ϫ 800 m 2 were defined. Transmission line method ͑TLM͒ patterns with the size of 75ϫ 50 m 2 and intercontact spacings of 10, 20, 30, and 40 m were simultaneously made to study the contact properties. Etching was done using ammonium chloride hydroxide buffer solution to reach down to the n-type ZnO layer for n-type contacts with the etching rate of about 10 nm/ min. Au/ NiO and Au/ Ti contacts of thicknesses of 500/ 30 and 150/ 30 nm were deposited on p-type Sb-doped ZnO and n-type Ga-doped ZnO layer by e-beam evaporation, respectively. The contacts were subjected to rapid thermal annealing in nitrogen ambience to form Ohmic contacts. The annealing conditions of Au/ NiO and Au/ Ti contacts were 800°C for 120 s and 400°C for 60 s, respectively.
Current-voltage ͑I-V͒ characteristics were measured using Agilent 4155C semiconductor parameter analyzer. I-V curve in semilogarithmic scale of a typical device is shown in Fig. 1 . The turn-on voltage of this diode is about 6 V, and the large turn-on voltage of the diode involves the effects from the voltage drop on the contact and p-type layer. The inset ͑a͒ of Fig. 1 17 are chosen to form Ohmic contacts to the film in the devices. The total resistances ͑in TLM patterns͒ were plotted against the intercontact distance in the inset ͑b͒ of Fig. 1 . The contact resistance and transfer length are 260.4 ⍀ and 3.77 m, which were extrapolated from linear fitting. Then the specific contact resistivity of 7.4ϫ 10 −4 ⍀ cm 2 was caculated. This value is much smaller than that of the Au/ Ni ͑7.6ϫ 10 −3 ⍀ cm 2 ͒ contacts on another piece of the same p-type ZnO layer. Furthermore, Au/ Ni ͑500/ 30 nm͒ contacts need much higher annealing temperature to form reasonable Ohmic conduction ͑960°C͒. Such a high temperature would potentially degrade the contact morphology and film quality. The advantage of Au/ NiO contacts results from high p-type conductivity of NiO, 18 and also the outdiffusion of oxygen could be reduced to depress oxygen vacancy in the film. 17 Electroluminescence ͑EL͒ characterizations were performed by using home-built measurement setup including an Oriel monochromator and a lock-in amplifier with chopper. Temperature dependent EL spectra under 30 mA forward injection current are shown in Fig. 2 . For the device operated at 9 K, the spectrum is dominated by a peak at 373.5 nm ͑3.32 eV͒. Schirra et al. recently assigned the ZnO 3.314 eV emission peak to the transition between free electron and a neutral acceptor level. 19 However, considering the LT properties of our p-type film, 13 we believe this peak is from band to band exciton recombination. The NBE peak shifts from 373.5 to 383.3 nm for temperature ranging from 9 to 300 K, which is shown in the inset of Fig. 2 . The temperature dependence of the exciton energy in direct band-gap material follows Varshni equation, E͑T͒ = E͑0͒ − ␣T 2 / ͑T + ␤͒, 20 ␣ and ␤ are fitting parameters which are ␣ = 0.000 58 eV/ K and ␤ = 520 K. These values are close to reported results from Refs. 20 and 21 for ZnO materials. The peak values reasonably agree with the trend of the fitting curve, which indicates that the redshift of the peak is due to temperature induced band gap variation. In addition to the NBE peak, there seems to be broad radiative deep level emissions ranging from 400 to 800 nm. However, the magnitude drop of the deep level emission intensity is much less compared to NBE peak with increasing temperature. This may be attributed to more activation of nonradiative recombinations at higher temperatures, and also the bound exciton emissions quench at higher temperatures by thermal ionization of bound excitons.
Room temperature EL under different injection currents are shown in Fig. 3 . For 30 mA injection current, the NBE peak is clearly seen at 383.3 nm ͑3.24 eV͒. The deep level emission at room temperature is mainly centered at 605 nm ͑2.05 eV͒, but with a shoulder around 490 nm ͑2.53 eV͒. The 490 nm band is commonly assigned to intrinsic defects. 22 The 605 nm yellow band is attributed to oxygen interstitials, 23 which is consistent with the fact that the p-type ZnO was prepared in oxygen rich condition. The intensities of both NBE emission and emissions from deep levels increase with the increase of the injection current. The NBE emission redshifts from 383.3 nm ͑30 mA͒ to 390.9 nm ͑100 mA͒. This is also induced by the band gap variations, which result from the increased heating effects during the operation of LEDs. For example, the temperature of the diode is 490 K at the operation current of 100 mA from the inset of Fig. 2 .
To further investigate the origin of these EL emissions, photoluminescence ͑PL͒ measurements were carried out on a separate piece of the sample annealed at 800°C for 120 s, a process that was also used during the device fabrication. A 325 nm He-Cd laser was used as the excitation source. The room temperature PL spectra for both p-type layer and underneath n-type layer are shown in Fig. 4 . PL of the n-type ZnO layer was obtained by etching away the p-type ZnO layer. Besides the NBE peak at 377.5 nm, emission bands centered around 520 nm are shown in both spectra and we consider that they are the same peak from n-type ZnO layer since it is commonly attributed to oxygen vacancy. 24 However, the p-type ZnO layer shows two more peaks at 480 and 610 nm which can closely link with the room temperature EL emissions of 490 and 605 nm. Thus, we believe that radiative recombinations in p-type layer, including NBE transitions, have contributed mainly to the observed EL spectra. Similar results were also observed in As-doped ZnO diode on GaAs substrate. 12 This is reasonable due to the fact that the concentration of holes in p-type ZnO layer is less than the electron concentration of n-type ZnO layer. As a result, 
